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MEASUREMENT OF THE MICROSTRUCTURE BY THE METHOD OF SMALL ANGLES

K. 8. Shifrin and V. I. Golikov

ABSTRACT

The article discusses the results of testing a prototype
of a field device for measuring the microstructure of fogs by
the method of small angles.

Introduction

The prototype of the device for measuring the spectrum of the dimensions
of fog droplets (ref. 1) was tested: (1) under laboratory conditions with
calibrated models of the sol consisting of spherical particles of methyl metha-
crylate, (2) in artificial fogs in the chamber of the Vysokogornyy Geophysical
Institute (Nal'chik-Terskol) and (3) in natural fogs (Voyeykovo). The article
considers the results of these investigations and also considers the gquestion
of the accuracy and limitations of the method of small angles.

Laboratory Testing of the Device

Measurements were taken with a previously calibrated sol. Powders of
AKR-100 methyl methacrylate were used consisting of transparent particles in
the form of flat models--a mono-layer of particles on the surface of a glass
plate--in the form of volumetric models--particles of powder suspended in a
cuvette with distilled water, and subjected to continuous mixing (model of the

fog).

The microstructure of AKR-100 powders was investigated by the method of
direct counting under the microscope and by the method of microphotography. The
data from various samples were added to obtain the averaged spectra 5(57 for
each fraction of the AKR-100.



In selecting the weighed portions for two-dimensional and volumetric
models, it is possible to separate the particles according to their dimensions
(the spectrum of an individual model may vary from the averaged spectrum of a
given fraction of AKR-100). For this reason in the two-dimensional models it
was necessary to carry out microphotographic investigations of the spectrum of
each model while in the volumetric models it was necessary to refine the spec-
trum further by measuring the transmission of light in the direction B = O when
the disturbed particles of the powder settled down. The settling took place in
a cuvette with a height of h = 550 mm during a period of t = 30-35 min. In this
case the variation in the transparency of the suspension was registered by
photometry. From the comparisons of the curve for the varistion of transparency
with the data obtained from the calculation of the precipitation velocity of
spherical particles from the suspension according to Stokes's Law, the distribu-
tion of spherical particles according to size was computed (refs. 2-4).

Two-dimensional models. The methodology of working with two-dimensional
models of a calibrated sol is described in detail in reference 5.

To eliminate spatial non-homogeneity of the sample, it was necessary
either to rotate the sample or to measure the angular distribution of the scat-
tered light I(B) along several diameters in the focal plane of the receiving

lens and take the average value I(B).

Figure la and b shows typical spectra f(a) of two-dimensional models for
two fractions of the methyl methacrylate powders compared with the spectra com-
puted by the microphotographic method.

Investigations with two-dimensional models have shown that the high sta-
bility of these models in time makes them useful for a running check of the de-
vice and of the photometer. In the case when we have several fractions of the
AKR-100 powder (fine, average and coarse) with a well-studied averaged spectrum

f(a), the two-dimensional models become easily reproducible. By means of such
fractions it is convenient to check the proper operation of the device with
small, average and large particles.

Volumetric models. The weighed portion of the powder with known spectrum

of particles f(a) is lowered into distilled water contained in a cuvette with
two plane-parallel glass plates for the entry and exit of light rays. The en-
tire suspension is continuously mixed with a stirring rod driven by a vibrator
(dynamic loud speaker, driven by an audio frequency generator with a vane
attached to the cone or by means of an electric motor with an impeller), to
prevent the precipitation of particles. In this way we obtain a stable volu-
metric model of fog with a known spectrum.

When we measured the spectrum f(a) with a defraction device in the case of
particles suspended in the medium with a refraction index which differs from
the refraction index of the surrounding air, we took into account the variation
of the scattering angle B when the rays entered the air from the test chamber
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Figure 1. Spectra of dimensions of spherical methyl
methacrylate particles. a, b - Two-dimensional models,
¢ - Volumetric models. Stepwise curves are obtained by
the microphotographic method, while solid and broken

curves are obtained by the defraction device for mea-
suring the structure.



B = "r_: (l)

where r is the displacement of the diaphragm of the light receiver (ref. 1),
n. is the index of refraction of the water, f is the focal distance of the
light-receiving lens (ref. 1).

Figure lc shows the spectra of volumetric models of AKR-100 obtained by
the method of small angles and by microphotography. In figure lc, the left
branch of f(a) shows a substantial loss of small particles due to the phenome-
non of flotation: When the test chamber is insufficiently filled there is a
capture of small particles by ailr bubbles due to the action of the agitator and
the retention of these particles by the foam which forms on the surface of the
water.

It was possible to eliminate the effect which produces the capture of small
particles by changing the construction of the mixer (a vibrator in place of a
rotating agitator) and by covering the chamber in such a way that there are no
air bubbles between the cover and the surface of the water.

Measurements with models. The principal objective of the work with the
calibrated sol was the evaluation of the accuracy achieved in measuring the
spectrum f(a) by the device.

A series of samples of the sol with a known spectrum as determined by
microphotography was investigated many times by means of the method of small
angles. The results for one of such samples are shown in figure 2. Here the
stepwise curve gives the spectrum of the sample obtained by the method of
microphotography, the two solid lines show the possible spread of points f(a)
for five consecutive measurements of I(B).

Comparisons of this type were carried out with three forms of distribution
f(a) having maxima for a equal to 6, 15, 25 microns. As was to be expected,
the best reproduction was achieved for the ordinate of the spectrum f(a), lying
close to the f;..(a) to +5-10 percent from f;..(a). Near the bases of the

spectra below 0.25 frax (a), the reproducibility drops to +25-35 percent.

The accuracy of reproduction of f(a) is determined by the accuracy of pho-
tometric measurements and the accuracy with which I(B) is processed.

The accuracy of the photometric measurements was determined by a special
check of the photometer with a calibrated light source using the photometric
bench. It is found to be equal to 4-8 percent for the photometer's scales of
1073 to 10_8 lumens.

The presence of calibrated fractions of the AKR-100 powders allows check-
ing the operation of the photometer at any time.
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Figure 2. Reproducibility of the f(a) spectrum ,
for the same two-dimensional model with succes-

sive measurements of illumination under small

angles of scattering.

To compare the spectra of f(a) it is necessary to have a number of drops
in the test samples and in the illuminated volume, sufficient to achieve a sta-
tistical filling of the spectrum f(a). In the test samples 1500-3000 particles
were usually counted, while the illuminated volume was selected so that it would
also have 1500-3000 droplets (ref. 1).

In comparing the relative spectra of f(a), obtained by different methods
we normalized with respect to fmax(a) and also with respect to the total number
of particles. Basically the first method was used to compare the spectra of
two-dimensional models in 1957-1958 (ref. 5).

The second method consisted of the following. The total number of parti-
cles was counted from ap;, to ap,, which was assumed to be 100 percent. From

this the curve for the percentage reproducibility of f(a) was computed.

When continuous operation traps are used, the total number N of particles
is usuvally known. However, the spectra of f(a) obtained from the defraction
structure measuring device were obtained in relative units.

Therefore the comparison of such spectra was carried out over the area
under the curves S proportional to N. The spectra fgeyvice(2) obtained by the

device and ftrap(a) obtained by the traps were constructed to a scale for which

the areas under the compared curves of f(a) were the same for both methods.

This means that the number of particles investigated by the trap is equal to
the number of particles investigated by the device. In the case when N > 1500-
3000, such an assumption is valid because, in fact, Nievice $ Nirap (ref. 1).

A1l the relative spectra f(a) obtained by the defraction structure measur-
ing device are constructed to the same scale and are comparable to each other
(when I(B) is processed, the transmitted light is normalized; ref. 1).



These remarks should be borne in mind when discussing the results of test-
ing the device in artificial and natural fogs.

Testing of the Device in the Fog Chamber of the Vysokogornyy Geophysical
Institute (VGI)

In October 1960 measurements of the spectra of droplets were carried out
for steam fogs in the chamber of the El'bruss Expedition of VGI. The distribu-
tion of droplets according to the device was compared with the data furnished
by simultaneous measurements carried out by means of continuously operating

traps.

The fog in the chamber was formed by releasing approximately 500 m3 of
steam into the chamber at a pressure of 2-3 atm. The total life of the fog

was 30-40 min.

The device and trap were placed close to each other at the center of the
chamber. The intake of the test samples by the traps was carried out during
the recording of the distribution of scattered light I(p) approximately in the
middle of the time interval necessary to record I(p) over the angles 0-12°
(ref. 1). 1In a series of cases test samples were taken by the traps during the
entire recording cycle for I(B) as well as during repetitive recordings of I(B)
for a period of 30-35 min, i.e., until dispersion of the fog took place. These
variations in the operating conditions of the traps were carried out first to
select optimum conditions for comparing the spectra given by the device and the
traps, which had different information collection times, and secondly to exclude
the effect of the oscillations of the microstructure of the fog (nonhomogeneity
in time and in volume was noticeable), in the third place to study the varia-
tion in the microstructure of the fog from the time of its formation until its

dispersion.

The results of the measurements are shown in figure 3, which shows. the
spectra of the traps and of the differential structure meter for different cy-
cles of the fog. The ordinate axis shows the recurrence of the radii of drop-
lets in percent. The sequence of the measurements of the spectra f(a) by the
device and by the traps is shown by the numbers.

To count the droplets photographed on film, a special counting arrangement
was used (an enlarger with a contact comb and a screen), developed at VGI.

The quantity of droplets was used to compare only the f(a) spectra measured
simultaneously by the trap and by the device. Since the true value of Zn; = N

measured with the device during the period of measurement is unknown (the

relative distributions I(B) were recorded), the spectra f(a) according to the
device were constructed on comparison graphs on the assumption that the total
number of particles Ntrap counted from the microphotographs during the opera-

tion cycle of the trap is equal +to the total number of particles Nievice
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Figure 3. Comparison of the spectra of droplet dimensions by
defraction structure-meter and continuous operation traps.

investigated by the device during the time of measurement of I(B) in the
entire interval of scattering angles p = 0-12C,

The total time for the measurement of spectrum f(a) by a continuously
operating trap with exposures of 0.l sec was approximately 1 min, the total
recording time of I(B) in the interval of angles 0-12° was approximately 2.5
min. The traps were turned on approximately 30-50 sec after the beginning of
the recording of I(B). In individual cases the operational cycle of the traps
was extended to approximately two min, i.e., almost for the entire recording
interval of I(pB).

The total investigated volume Vtrap of the fog during the exposure time of
the test glasses in the traps may be computed if we know the velocity of fog

flow v = 17 m/sec, the number of exposed frames n = 60, the exposure time of
each test glass r= 0.1 sec, the area of the frame Sy of approximately 1 mm? 3

Vy = va,S, = 17 m/sec60-0.1 sec-10"0 n?. (2)
The total amount of fog consumed dquring the period of measurement ttrap =

1 min (i.e., the volume of fog passing through the tube of the trap with an
area S) is equal to



d d
v = sty, O = 1 w3, (3)
The same volume for the defraction structure-meter is equal to
v((id) = Vytg = 27-103 cm3/sec-150 sec = 4 m3. (4)

The total number of particles N = Zn;, computed in the test samples by the
trap for the construction of the spectrum of f(a), was approximately 1,000-1,500
at each instance of time in the illuminated volume of the defraction structure—
meter there were 1,500-3,000 particles with concentrations n not lower than 50
droplets per 1 cm3 (ref. 1)

During the entire life of the fog its local nonhomogeneity was noticeable.
Therefore if we take into account the dynamic nature of the trap and of the de-
fraction structure-meter we may consider the coincidence of spectra on figure 3
(the simultaneously measured f3oyice(2) and ftrap(a))to be good.

The effect of the local nonhomogeneity of the fog is most pronounced in
the initial stage of its formation due to the condensation of vapor and a strong
temperature drop in the chamber and in the devices and also at the end due to
the dispersion of the fog and the precipitation of large droplets. During these

periods the superposition of the measured spectra fdevice(a) and ftrap(a) is

worse. In addition to this, in the initial stage the density of the fog is very
high and the spectra fdevice(a) show the presence of a large number of small

droplets so that frequently the spectrum does not have a clearly defined maxi-
mum. This is apparently due to the presence of small particles (with radii less
than 1-2 microns) at the moment when the vapor is released. This even results
in secondary scattering. For this reason the measurements were conducted pri-
marily 10-15 min after the vapor was injected into the chamber.

Testing the Device in Natural Fogs

During the period May-September 1961, the spectrum of the droplets was
measured in ngtural fogs. Four fogs of advective nature were investigated:
During the night from the 12th to the 13th of May, in the morning on the 15th
of September, in the morning and evening of the 27th of September at Voyeykovo.

The fogs were prolonged and stable in structure. This is particularly
true of the fogs on the 15th and 27th of September which were formed during a

weak wind. The fog on the 27th of September prevailed for almost the entire
2L hour period.

For comparison with the spectra fdevice(a) measured by the device, the data

of microphotography were utilized which were obtained by capturing test samples
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on the glass with a thin layer of transformer oil. The test samples were taken
during the recording time of a series of distributions I(B) and were immediately
photographed. Thus the spectra obtained by the device during a certain interval
of time At were compared with the microphotographic spectrum f(a) averaged out
over the test samples taken during the same time interval At.

Figure L4 shows the spectra of natural fogs as a percentage of the total
number of particles (the percent recurrence of the droplet radii).

The most satisfactory coincidence of spectra f(a) obtained with the two
methods is observed only in the case of stable and homogeneous fogs.

To give an accurate quantitative evaluation of the closeness of the distri-
bution curves (microphotographic and optical) illustrated by figures 1-4, we
consider the coincidence of the first three instances of distribution of the

average droplet radius a = ay, of the average squamavg2 = ap, and of the aver-

3=

age cube ad=a_. They indicate the degree of closeness of the average

3

radius of the particles, of optical transparency and liquid water content, meas-
ured by both methods, and therefore have a definite physical meaning.

The collated data are shown in Table 1. In evaluating the table we should
bear in mind the remarks made above concerning the states of the fog and the

dynamic nature of continuous operation traps and of the defraction structure-
meter.

20 ap

Figure 4. The spectra of natural fog (Voyeykovo).
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Sol sample, fog

Artificial fog at

Terskol, October
18, 1960

Artificial fog at
Terskol, October
18, 1960

Artificial fog at
Terskol, October
17, 1960

Artificial fog at
Terskol, October
18, 1960

Artificial fog at
Terskol, October
18, 1960

Artificial fog at
Terskol, October
19, 1960

Artificial fog at
Terskol, October
19, 1960

Fog chamber of
MGO, 1958

Two-dimensional
models, 1959-1960

Fog chamber of
MGO, 1958
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If we assume that all the measurements presented in Table 1 are of the same
accuracy we obtain for & +the following average values in percent:

5, = 20.2, Eé = 19.4, 35 =19.9.

On the basis of what we have presented we may make the following
conclusions.

1. As a result of the tests conducted on the field defraction structure-
meter the following was verified: (a) the suitability of the device for use
with natural ground fogs, (b) the stability of the device, (c) the ranges for
the recording of the indicatrixes of the scattered light I(B), (d) the accuracy
of measuring the spectra of dimensions f(a) (ref. 1).

2. The spectra of dimensions f(a) of the particles with a radius of 10-30
microns and droplets of fog of 2-15 microns were measured. Approximately 350
recordings of the indicatrixes I(B) were processed.

3. The device detects fog with a particle concentration of 50 per 1 cm3.
L. The investigation of the "null distribution"” of light Iy near B = O

has shown that for the spectra f(a) with a = 2-15 microns the "null distribu-
tion" may be neglected (refs. 1, 5).

5. The accuracy with which the spectrum ordinate f(a) was obtained was on
the average 5-6 percent at the maximum of the curve for f(a) and approximately
25-30 percent near its base.

We should point out the extreme difficulty of processing graphically the
indicatrixes I(B). Thus during the recording of one indicatrix with PS 1-02
for a period of 2.5-1C min, its reduction in accordance with the eqguation of
the method of small angles requires from 40 minutes to one hour (using prepared
tables for F(Pp) and an SAR-2 computer) "Reynmetall” (or by means of an adding
machine) (ref. 1).

6. During the measurements of the angular distribution of light scattered
by an aerosol with an (even approximately) unknown spectrum of dimensions and
concentrations, there is an uncertainty in the selection of a suitable scale of
the photometer and of the velocity for the chart transport mechanism of the
recorder. In the process of recording the optimum resolution, the interval of
the recording angles, the sensitivity of the light sensor as a funection of the
spectrum f(a) and concentration vary within rather large limits. The selection
of the recording ranges becomes difficult (particularly when the fog is unstable)

due to a large variation in the measured intensities of light (103—105) and due
to the non-linearity of the light distribution along the angle B (ref. l).

The result is that part of the recorded indicatrixes I(R) is not suitable
for further processing due to the impossibility of determining the exact

12



variation of functions 631 and é% (531) due to misses in the selection of the

recording ranges for I(B), which is a monotonic function of the angle B, and
which does not exhibit clearly the visible pecularities in its variation asso-
ciated with the microstructure (an exception to this is only the mono-dispersion
systems which produce the known "crowns"). Therefore it would be desirable to

observe the variation of 631 and éé (331) directly in the process of measuring

the angular distribution of the scattered light I(B), e.g., by means of simula-

tion devices. A device which simulates B3I and its derivative will mske it pos-
sible to eliminate a stage of graphic reduction and even this will reduce the
calculation time for f(a) in accordance with (4) to 20-15 min and will also
eliminate the reduction of indicatrixes I(B) which have been unfavorably recorded.

We constructed a laboratory prototype of a device which simulates ﬁ3I. The
components of this device are being refined and it 1s being subjected to labora-
tory testing.

7. Measurements made in artificial and natural fogs have shown the neces-
sity for a constant control of the total attenuation of light IO, particularly

in dense fogs (n ~ 500 droplets per cm3 and higher). This is due to the danger
of the occurrence of secondary scattering. To eliminate this the version of the
device with a modulated-light signal provides for a variation in the length of
the light base of the photometer (ref. 1). In natural fogs with concentrations
of n ~ 50-100 droplets per cm3 we may operate with a base lnax ~ 10-50 cm and
even more. At the same time in dense fogs and clouds it must be reduced to

20-10 cm {concentrations n 3 500 droplets per cn3) (ref. 1).

8. Further work with the device is programmed in the following directions
(ref. 1):

(a) A final transition to the scheme of a photometer with variable
(modulated) light signal ("daylight" photometer);

(b) An increase in the recording speed of I(B);

(¢) An introduction of simulation and computing devices into the
photometer scheme;

(d) A preparation of a prototype suitable for carrying out investiga-
tions in the environment of airplanes (the cloud microstructure);

(e) An expansion of the program for taking measurements with the de-
fraction structure-meter in artificial and natural fogs including the comparison
of the spectra of fdevice(a) with the spectra of continuous operation traps

ftrap(a) H
13



(f) A comparison of the defraction structure-meter with all of the
devices known at the present time for measuring microstructures (continuous
operation traps, devices for measuring the water content, ete. ).

Limitations of the Method

Let us consider questions associated with the accuracy of the method of
small angles, the limit of its application, and the accuracy of measuring the
spectrum of dimensions by means of the defraction structure-meter. The follow-
ing limitations must be taken into account:

(a) The distribution of particles must not be very dense to eliminate the
possibility of interference phenomena--the average distance between them must
be greater than 5A () is the wavelength of the light used). For more detail
see references 1, 5, 6 and 7;

(b) The optical thickness of the illuminated object must be substantially
less than unity to eliminate the possibility of secondary scattering when the
theory of this method is not valid.

Let us consider the limitations in terms of particle size.

1. The lower boundary of the method. To determine the smallest radius
for which we may use the method of small angles in its mathematical form as de-
veloped in refs. 8 and 9, we must have an accurate theoretical evaluation of the
radii of those particles for which in the region of small angles we may defi-
nitely represent the indicatrix by the equation (refs. 8 and 9).

16,9 =g | 7168) / (@)a*da. (5)

Analysis of accurate calculations available at the present time shows that:
1) with an accuracy of 5-10 percent this boundary lies near p= 20; 2) when the
wavelength is A = 0.5 microns the minimum particle radius a, = 2 microns. We
note that there is some possibility, although it is limited by purely technical
reasons, for extending the method into the region of even smaller dimensions (or
at least some increase in the accuracy of the method in the region of minimum
particles) by reducing the wavelength of the light (refs. 1, 5 and 7)

In Table 2 we present (according to the data of refs. 6 and 10) a compari-
son of the quantities

2i = i; + 1, (6)

computed by means of exact equations of the theory for the scattering of electro-
magnetic waves with the approximate values

1k




TABLE 2

p go 2 2i% ) ? o* %
1 2 3 4 5 6 7 8
200 {+0.0- 8.470- 108 8 - 108 5.5 0.000 0.000 0.0
0.2 | 7.461 - 108 7.075 - 108 5.2 0.059 0.057 3.4
0.4 | 5.009 - 108 4,810 - 108 4.0 0.196 0.192 2.0
0.6 | 2.397 - 108 2.362 - 108 1.5 0.328 0.324 1.2
0.8 | 0.6661-108 | 0.6963 - 108 4.5 0.401 0.398 0.8
1.0 | 0.03735-108 | 0.05235-108 | 40.2 0.418 0.418 0.0
1.2 | 0.4922.108 | 0.03318-1C8 | 93.2 0.419 0.419 0.0
1.4 | 0.1531-108 | 0.1311 - 108 14.4 0.430 0.428 0.5
100 | 0.0 | 5.52 107 5. 107 9.4 0.000 | 0.000 0.0
0.2 | 5.347 - 107 4,852 - 107 9.3 0.016 0.015 6.3
0.4 | 4.853- 107 4,422 . 107 8.9 0.060 | 0.057 5.0
0.6 | 4.115- 107 3.777 - 107 8.2 0.116 | 0.120 3.4
0.8 | 3.240 - 107 3.008 - 107 7.2 0.188 | 0.192 2.1
1.0 | 2.347 - 107 2.210 - 107 5.8 0.299 0.301. 0.7
1.2 | 1.540 - 107 1.476 - 107 4.2 0.394 0.398 1.0
1.4 | 0.8916-107 | 0.874 - 107 2.0 0.412 0.419 1.7
40 | 0 1.282 - 106 1.280 - 108 0.2 0.000 0.000 0.0
1 1.105 - 106 1.132 - 106 2.4 0.058 0.057 1.7
2 0.6864 - 106 | 0.7695 - 106 12.1 0.185 0.324 3.8
3 0.2718 - 106 | 0.3779 - 106 39.0 0.293 0.398 | 10.6
4 0.04198 - 106 | 0.1114 .10 | 165.2 0.337 0.398 | 18.1
5 0.05292 - 106 | 0.0084 - 106 84.1 0.342 0.418 | 22.2
6 0.04987 - 106 | 0.0053 - 108 89.4 0.356 0.419 | 17.7
7 0.07285 - 106 | 0.0210 - 106 71.2 0.397 0.428 7.8
20 | 0 9.602 - 104 8 - 104 16.7 0.000 0.000 0.0
1 9.205 - 104 7.763 - 104 15.7 0.017 0.015 | 11.8
3 6.474 - 104 | 6.043 - 104 6.7 0.128 0.120 6.2
5 2.908 - 104 3.535 - 104 21.6 0.256 0.263 2.7

Commas represent decimal points in this table.

w0 o Ji(eB) 1?
21—2[2 o8 ],

(7)

obtained from the defraction equation for small scattering angles. Graph 5

. 2%
1-1

shows the magnitudes of the relative error Bl =

in percent.

By examining Table 2 we may note the following two situations:
a) The large errors in § are most often associated with the position of
dark defraction rings, i.e., with the zeros of the function i¥. According to

the exact theory of scattering there is no zero in this direction and it is
clear that in these discrete directions the errors prove to be large;
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b) Quantities i and i* oscillate close to each other. Therefore, in the
transition from the intensities to the fluxes inside the cone with a flare angle
B we obtain a substantially better coincidence of the results.

Let us introduce the designation:

g B
<I>=21tj.u—:§sin(3d@=%jisinpd§,
0 0

" (8)
8
@*=,?T';0 #* sinBdB=1—J3(8) — J2(cf) (9)
(refs. 6 and 10).
The magnitude of a2==,__9{§§gl_"in percent and also the values of ¢ and &%

are shown in Table 2 (graphs 6-8). Here the deviation is substantially less.

In accordance with the data of Table 2 the average accuracy of the initial
equation (5) for p > 20 may be evaluated as 5-10 percent.

2. The upper boundary of the method. The maximum radius of the particles
anax Which may be definitely measured by the method of small angles is limited

by the angular dimensions of the image of the light source in the focal plane of
the light sensor and by the angular resolution of the light sensor ¢, necessary
to record the curve showing the distribution of illumination I(B) for a given
& ox (ref. 1). Depending on the angular magnification of the optical part of

the defraction structure-meter and the parameters of the lens of the receiving
objective,amax varied from 30-50 microns. Since the spectra of fogs to be meas-

ured by the defraction structure-meter in the 1960-1961 investigations are
situated approximately in the interval Aa = 2-30 microns with prevalence of

fpax (@) for a = 2-15 microns (ref. 1), an optical system was used in the proto-

type of the device which permitted carrying out the measurements up to 8nax = 30

microns.

Accuracy of the Method and Accuracy of the Measurements

The accuracy of the method of small angles is determined by the accuracy
of the initial defraction equations, by the accuracy of the photometric measure-
ment of the scattering indicatrixes under small angles and the accuracy of the
subsequent graphical processing (refs. 5 and 7).
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We have already spoken about the accuracy of the defraction equations; the
error in this case is 5-10 percent.

Analysis shows that if we neglect the theoretical error (with the exception
of the case when we have the smallest p::30—20) and if we assume that we do
not introduce additional errors during graphic processing, then the relative ac-

Af(a)

f(a)
coincide with the relative accuracy of the photometric measurements of light
fluxes in the entire interval of the scattering angles. The latter depends sub-
stantially on the light flux and on the method of measuring it (refs. 1, 5 and
7).

curacy for determining the ordinate of the spectrum of dimensions would

The accuracy of photometry in the 1960-1961 measurements on the prototype
of the defraction structure-meter was found to be equal to 4-8 percent (for

light fluxes &3, = 1078 1umens (ref. 1)).

To evaluate the accuracy of the graphical processing of experimental in-
dicatrixes I(B) an "arithmetic experiment" was conducted (ref. 5), which was

repeated in 1960-1961. For several distributions of the form f(a) = Aa’e ™2 for
A= 0.1, 0.2 and a = 15 microns; A= 0.1, 0.2 and a =10 microns; A= 0.1, 0.5

and a = 5 microns, the indicatrixes I(B) were computed in accordance with equa-
tions from reference 8 and were then subjected to calculations on the basis of
the equations of small angles.

Because the distribution of light intensities over the angles was known to
us within the desired degree of accuracy, the deviations obtained could be
attributed to the errors in graphic processing. An interval of dimensions of
2-40 microns was studied. Two calculators participated in the "arithmetic ex-
periment." An "experienced" calculator who had previously processed graphically
the experimental indicatrixes of I(B) and an "inexperienced" operator who per-
formed this work for the first time. It was found that for the first calculator
the errors in all cases and in the entire interval of dimensions did not exceed
5 percent while for the second operator they did not exceed 10-12 percent.

Thus, the total error of the method within the limits of its applicability
has three parts: the theoretical error, the photometric error, and the proces-
sing error. In the measurements described by us in references 5 and 7, it was
found to be not greater than 25-30 percent during the photoelectric measurements
of the fluxes of scattered light. In measurements with the defraction structure-
meter the error in determining the ordinate of the spectrum of dimensions was
approximately 5-6 percent near the maximum of f(a) and 25-35 percent near its
base. This decrease in the accuracy at the edges of distribution is due to the
fact that during the graphic processing, precautions were not taken which, how-
ever, were taken in the "arithmetic experiment": +the processing of the I(B) on
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large sheets of paper with a large number of intermediate points for B to a.

To reduce the processing time we use the standard tables for F(pB) (refs. 5, T
and 9) and the standard intervals AP and Aa, which is what led to the processing
errors of 10-12 percent.

The reproducibility of the spectrum of f(a) during a series of repetitive
measurements and graphic processing is illustrated well in figure 2 (the case
of the sol calibrated by the microphotographic method). We can hope that the
construction of the automatic computing device and the increase in the accuracy
of the photometric measurement of light fluxes will make it possible to repro-
duce the spectra of f(a) in the entire interval of dimensions of interest to
geophysicists with an accuracy of not less than +10-15 percent.
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